Additional index words. Ipomoea batatas, storage root development, length/width ratio Abstract. Phosphorus deprivation (LP) reduced sweetpotato storage root length (SRL) regardless of the presence or absence of a compacted layer (CL). The combination of LP and the presence of a simulated compacted layer (+CL) reduced SRL relative to the P-sufficient (+P) control plants grown without a compacted layer (LCL) by 44% and 40%, respectively, in 'Bayou Belle' and 'Beauregard' cultivars. In both cultivars, the combination of LP and LCL also reduced SRL by 36% ('Bayou Belle') and 28% ('Beauregard') relative to the control plants. There was a significant planting date 3 cultivar effect in the temporal LP studies, with a general trend for SRL reduction with LP at 10-day intervals over a 50-day growing period. LP treatment reduced 'Bayou Belle' SRL after 10 days but not after 20 days. In P source plant status studies, the LP/LP treatment (source plant P status/daughter plant P status) was associated with 50% and 48% reduction in SRL in 'Bayou Belle' and 'Beauregard' daughter plants, respectively, relative to the +P/+P control plants. Taken together, these findings corroborate previous experimental evidence on the role of P in determining root length in other plant species and experimental systems. These experimental findings have practical applications in the management of P in sweetpotato seed and production systems. The results of the current study can lead to follow-up work that validates cultivar-specific P requirements and how such information can be used to optimize P management as it relates to the production of storage roots of consistent length and shape. The methods and approaches used in the current study can be adopted and modified in follow-up investigations that seek to shed light on the precise mechanisms of SRL determination in sweetpotato.
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In sweetpotato (Ipomoea batatas), knowledge about the factors that determine SRL is of scientific and practical importance because SRL helps to determine storage root size and shape (Lowe and Wilson, 1974) . In the processing industry, especially in French fry processing, uniform, round-shaped storage roots are desirable to reduce nonuniform slices (Hoque and Saha, 2017) . Consistency in SRL also is desirable for increased mechanization, leading to overall reduced cost of production (Tang et al., 2017) . Based on experimental findings in plant model systems, there is growing evidence that points to the root tip as the site of P sensing and that P is involved in root length determination (Abel, 2017; Kellermeier et al., 2014; Medici et al., 2015; Svistoonoff et al., 2007) . There is also substantial evidence that supports the role of soil compaction or mechanical impedance on root growth in plant species (Lipiec et al., 2012; Oussible et al., 1992; Taylor and Brar 1991) . Despite the available evidence, very little translational research has been conducted to determine the role of P and soil compaction in SRL determination in sweetpotato and other root crops.
Past research on the role of P in sweetpotato focused mostly on storage root yields (Bouwkamp, 1985) and some quality factors like starch quality (Noda et al., 1996) but not SRL. More importantly, these studies determined that storage root yield responses were not consistently observed when soil P was greater than 52 ppm (Bouwkamp, 1985) . This underscores the challenges of studying specific responses to P treatments under field conditions where external P availability can confound the treatment effects. Moreover, in sweetpotato production systems, vegetative cuttings or slips are obtained from extant source plants or sprouted roots. Hence, a practical question is whether the P status of the source plant affects the subsequent performance of plants subjected to experimental treatments. There is precedent for this possibility because it has been previously documented that certain plant species, if deprived of external phosphate supply, will grow for a period of weeks using internal P stores (Nassery, 1970) . Knowledge of this information can be used to improve the accuracy of studying the relationship of P availability and storage root yield response in sweetpotato. The main objective of this work was to translate findings from model systems by testing the hypothesis that -P and soil compaction are associated with sweetpotato SRL determination. A secondary goal of this work was to contribute to the development of standardized procedures and methods that can be used to further study the role of P in storage root development in controlled experimental conditions.
Experiments were conducted to assess the effects of P deficiency and soil compaction on SRL in sweetpotato cvs. Bayou Belle and Beauregard. 'Bayou Belle' (formerly designated as breeding line 07-146), is an orangefleshed variety released specifically for the processing market. This cultivar has shown 3% to 47% increase in total marketable yield relative to 'Beauregard', depending on location and year . 'Beauregard', also an orange-fleshed variety, was released in 1987 (Rolston et al., 1987) and continues to be grown commercially on a global scale.
Materials and Methods
Plant materials and experimental conditions. The greenhouse experiments were carried out from 3 May 2016 to 1 Mar. 2018 in Chase, LA (32°6#N, 91°42#W) . In Feb., May, and Sept. in each of , 2017 only), virus-tested 'Bayou Belle' and 'Beauregard' Generation 1 Storage roots were bedded in plastic containers containing soilless media (Sungro; Sun Gro Horticulture, Bellevue, WA) and served as a source of transplants for subsequent experiments. In each experiment, cuttings were set in 10-cm diameter polyvinyl chloride pots (height = 30 cm) with detachable plastic bottoms. Each plastic bottom had five drain holes (2 mm in diameter). In addition, each polyvinyl chloride pot had four rows of side drain holes (2 mm in diameter; 3 cm apart within row) that were located diametrically opposite each other. These side drain holes were added to help reduce the incidence of a perched water table (Bilderback and Fonteno, 1987) . Washed river sand was used as growth substrate for all experiments. The diameter of the sand particles varied from 0.05 to 0.9 mm, with the majority (83%) in the 0.2-to 0.9-mm range. In all experiments, vegetative terminal cuttings were selected that were 25 to 30 cm long, with five to six fully opened leaves, 5 mm diameter at the basal cut, and with uniform distribution of nodes. Cuttings were planted to a uniform depth of 8 cm with two to three nodes under the growth substrate surface, depending on cultivar. In general, 'Bayou Belle' had 50% more nodes per unit length of cutting relative to 'Beauregard'. All experiments were arranged as a randomized complete block repeated across planting dates. Unless otherwise indicated, there were four replicates in each experiment (one plant per pot equals one replicate). Plants were grown for 50 d, after which near-intact root systems were collected. At harvest, the detachable plastic bottoms were removed, and the pot was tilted to gradually remove the growth medium and near-intact root system. These experimental approaches have been used to validate storage root initiation timing in 'Beauregard' (Villordon et al., 2009a (Villordon et al., , 2009b (Villordon et al., , 2012 , characterize nitrogen and moisture availability on 'Beauregard' root architecture (Villordon et al., 2012 , quantify drought effects on gene expression and storage root width and weight in 'Beauregard' (Solis et al., 2014) , and document the simultaneous effects of virus infection and nitrogen availability on storage root initiation in 'Beauregard' (Villordon and Clark, 2014) . Growth substrate moisture was measured with ECH2O soil moisture sensors (Model EC-5; Decagon Devices Inc., Pullman, WA) inserted vertically at the 2-7 cm depth. The moisture of the growing medium ranged from 5% to 9% volumetric water content (VWC), where 50% of field capacity = 7% VWC. At saturation, the growing medium typically ranges from 12% to 14% VWC (Villordon et al., 2012) . The greenhouse temperature regime was 29°C (SD 6.3) for 14 h (day) and 23°C (SD 3.3) for 10 h (night). The relative humidity (RH), measured hourly, averaged 60% (SD 15.6). The temperature and RH were monitored at the canopy level using an integrated temperature and RH sensor (Model RHT; Decagon Devices Inc.). Supplementary lighting was provided using LED grow lights (LumiBar; Lumigrow Inc., Emeryville, CA) for 14 h per day. Photosynthetic photon flux (PPF) ranged from 300 to 1400 mmol · m -2 · s -1 . PPF was measured at the canopy level with a quantum sensor (Model QSO-S; Decagon Devices Inc.). These growth conditions were very similar to those used in previous experiments that characterized adventitious root development and the timing of storage root initiation in 'Beauregard' sweetpotato (Villordon et al., 2009a (Villordon et al., , 2009b (Villordon et al., , 2012 .
Description of studies. The P deprivation and compaction study (PCOMP) simulated -P simultaneously with the presence of a CL in 'Bayou Belle' and 'Beauregard'. Replicate experiments were conducted on 8 Apr. 2016 and 4 July 2017. The control nutrient treatment (+P) consisted of half-strength Hoagland nutrient solution (P = 15.5 ppm) with nitrogen supplied as nitrate only (Solution 1), whereas KH 2 PO 4 was omitted in the -P treatment (Hoagland and Arnon, 1950) . The final concentration of K + ions was similar in both -P and +P treatments, and pH was maintained at 6.0 for the duration of the experiments. In total, 150 mL of control and -P treatments was applied to pots every other day starting at planting. The concentration, amount, and interval of +P and -P treatments were similar for all subsequent studies. The compaction treatment was simulated by compacting the growth substrate in the bottom half (15 cm) of the pot by shaking and gradually adding water (Fig. 1) . The mixture was allowed to sit overnight to harden. A cone penetrometer (DICKEY-John Corp., Auburn, IL) was used to measure resistance of the CL to 2000 kPa, which is commonly considered to be root-restricting (Bengough and Mullins, 1990; Loboski et al., 1998; Materechera et al., 1991) . Subsequently, growth substrate was added to fill the pot to 2 cm below the rim of the pot. The non-CL did not register any resistance to the cone penetrometer measurements. Pots filled up to 2 cm below the rim with noncompacted growth substrate were used in all other studies.
The P deprivation timing study (PTIME) simulated the temporal deprivation of P in the growth substrate. This study tested the hypothesis that the temporal availability of P in the growth medium played a role in determining SRL. Replicate experiments were conducted on 14 Aug. 2016 and 9 Oct. 2016. There were six experimental treatments: P sufficiency control (P applied for 50 d), -P control, and withholding of P after 10, 20, 30, and 40 d. The plants were grown for 50 d. The P deprivation status study (PSTATUS) tested the hypothesis that source plant P status influenced the performance of daughter plants. P deficiency was simulated in plant materials by growing 'Bayou Belle' and 'Beauregard' source plants in +P control and -P conditions and obtaining cuttings at 25 d. After 25 d, older leaves in -P source plants gradually senesced, consistent with P deficiency symptoms in the crop (O'Sullivan et al., 1993) . The cuttings (daughter plants) were subsequently planted in control and -P conditions and grown for 50 d. The final experimental treatments for the source plant/daughter plant combinations were control/control (+P/+P), control/-P (+P/-P), -P/control (-P/+P), and -P/-P. Replicate experiments were conducted on 13 Aug. 2017 and 27 Jan. 2018. On 12 Jan. 2017 and Nov. 15 2017, separate 'Bayou Belle' and 'Beauregard' plants were grown under control and -P conditions for source plant P leaf tissue P analysis. Leaf tissue samples were (fifth fully opened leaf) (Mortley and Hill, 1990 ) collected 25 d after planting and sent to Waypoint Analytical (Memphis, TN) for leaf tissue nutrient analysis.
Root image acquisition and analysis. In all experiments, storage root samples were photographed and images were digitally analyzed using ImageJ (Schneider et al., 2012) . The segmented line feature was used to measure SRL whereas the straight-line feature was used to measure storage root diameter (Fig. 2) . Length/width ratio (L/W ratio) was subsequently calculated (Villordon and Carroll, 2002; Villordon et al., 2013) . L/W ratio has been used to describe shape in agricultural products (Costa et al., 2011) , where if an object has L/W ratio = 1, then it is circular (Kaiser et al., 2006) .
Data collection and statistical analysis. All quantitative and count data were transformed using log 10 and square root transformation, respectively. Ratios were arc sine transformed. Statistical analyses were performed on transformed values with significant differences inferred at P < 0.05. The data sets were analyzed using SAS Proc Mixed (SAS v. 9.1; SAS Inc., Cary, NC). There were no interactions (P $ 0.05) among the main effects and planting date in PCOMP and PSTATUS studies; hence, the data were combined for each study. There was a significant planting date · cultivar interaction in the PTIME study; hence, the data were presented according to the planting date.
Results and Discussion
-P and compaction. -P exerted significant effect on SRL in 'Bayou Belle' and 'Beauregard', regardless of the presence or absence of a CL (Fig. 3A) . Storage root width, L/W ratio, and count also varied, depending on cultivar (Fig. 3B-D) . The combination of -P -P+CL reduced SRL by 44% and 40%, respectively, in 'Bayou Belle' and 'Beauregard'. The -P-CL treatment reduced SRL by 36% and 28%, respectively, in 'Bayou Belle' and 'Beauregard'. 'Bayou Belle' showed generally greater number of storage roots $1 cm width relative to 'Beauregard' (Fig. 3D) . This is likely due in part to the presence of more nodes per unit length of cutting in 'Bayou Belle' relative to 'Beauregard'. The cultivar-specific variation in storage root count is consistent with the yield potential for each cultivar . In general, the results appear to show a trend toward a reduction in SRL due to CL in Psufficient conditions but inherent variability in the root samples, as evidenced by the SD, likely contributed to the nonsignificant results. Wolfe et al. (1995) documented the contrasting results between field and greenhouse soil compaction studies among four vegetable species and attributed the inconsistent results to species-specific responses to secondary effects like soil water status, leaf turgor, nutrient deficiency, and net CO 2 assimilation of individual leaves. This underscores some of the technical challenges of conducting soil compaction studies in both greenhouse and field conditions and highlights the difficulty of observing, quantifying, and interpreting root architecture in general (Lynch, 1995) . Currently, there are no published findings, either from greenhouse experiments or field studies, on the specific effect of soil compaction on sweetpotato SRL. In a recent review of available evidence on the role of mechanical impedance on root development in other plant species, Saleem et al. (2018) showed that, in general, soil compaction leads to shorter and thicker roots. Similarly, there is currently no report on the role of P in determining sweetpotato SRL. Yet, a recent review by Jung et al. (2018) reveals a substantial and growing body of evidence supporting the role of P in determining root length. These findings lay the foundation for follow-up work focusing on the roles of P and soil compaction on SRL determination in sweetpotato.
Temporal -P. There was a significant planting date · cultivar interaction for SRL in the temporal -P study; hence, the data for each planting date were presented separately (Figs. 4 and 5) . In both planting dates, temporal -P at 10-d intervals over a 50-d growing period was associated with a trend toward a reduced SRL in both cultivars (Figs. 4 and 5 ). In the first planting date, the deprivation of P supply after 10 d was associated with 25% reduction in 'Bayou Belle' SRL relative to the control (plants grown in P-sufficient conditions for 50 d) (Figs. 4A and 6 ). After 20 d, -P treatments did not appear to affect SRLs relative to the control. This was likely in part caused by the limitations of the growing conditions, e.g., the size of the pot. In past studies with this experimental system, root length increase slowed down after 20 d with the onset of storage root swelling with the accompanying depletion of nutrients in the root zone (Villordon et al., 2012 . Sakamoto and Suzuki (2018) documented the direct influence of pot size on root size but not number in sweetpotato grown in a modified hydroponic system. Because of the possible limitations of the growing conditions, further studies are needed to further the understanding of the possible interactive roles of genotype and spatial P availability on sweetpotato SRL in field conditions. Storage root width, L/W ratio, and count also varied in two replicate experiments, depending on cultivar. In particular, 'Beauregard' L/W ratio appeared to be more sensitive to the temporal -P treatments compared with 'Bayou Belle'. Scant information is available about the temporal effects of -P root length in other plant species. However, Bonnot et al., (2016) have hypothesized that temporal P deficiency triggers local and long-distance (systemic) molecular, biochemical, and morphological responses in plants to adapt root systems to the heterogeneous distribution and availability of P in the soil. The current findings have implications in production environments, especially in relation to cultivar-specific responses to supplemental P fertilizer rates and spatial variation of soil P availability.
Source plant P status. There was 37% and 44% reduction, respectively, in tissue P concentration after 25 d in 'Beauregard' and 'Bayou Belle' source plants subjected to -P treatments (Fig. 7) . In general, there was cultivar-specific variation in leaf tissue nutrient concentrations at 25 d relative to available published critical nutrient concentrations (O'Sullivan et al., 1993) (Table 1) . Relative to 'Beauregard' control plants, the nitrogen, potassium, and sulfur leaf nutrient concentrations for 'Bayou Belle' control plants were below published critical nutrient levels (O'Sullivan et al., 1993) . These results are consistent with previous data that leaf tissue P content, as well as other nutrients except calcium, declined in-season in fieldgrown sweetpotato plants with accompanying remobilization to the enlarging storage roots (Scott and Bouwkamp, 1974) . Using the current experimental methodology, storage root initiation (onset of anomalous cambium development) routinely occurs between 10 and 15 d in 'Beauregard', and storage roots attain diameters of 0.25 to 0.5 cm between 20 and 25 d (Villordon et al., 2009a (Villordon et al., , 2009b (Villordon et al., , 2012 . The P status of the source plant in turn influenced the response of the daughter plants subjected to -P treatments, depending on cultivar (Fig. 8) . In particular, the -/- treatment (source plant grown without P/ daughter plant grown without P) was associated with 48% reduction in 'Beauregard' SRL relative to the +/+ plants. There was also variation in width and L/W ratio attributes in 'Beauregard' (Fig. 8B and C) . Storage root number was significantly reduced in both cultivars (Fig. 8D) . The cumulative results are consistent with the experimental findings of Nassery (1970) , who provided evidence that certain plant species will continue to grow using internal P stores if deprived of external P. These findings also demonstrate how -P studies in a vegetatively propagated crop species like the sweetpotato can be confounded if the P status of the source plant and cultivar are not accounted for. In particular, the data support the hypothesis that 'Bayou Belle' is less sensitive to -P relative to 'Beauregard' after source plant P status is considered. Assuming there is no variability in P content of cuttings from both cultivars, these results are consistent with findings in other crop species about the existence of genetic variation for P efficiency (Heuer et al., 2017; Rose et al., 2015; Zhou et al., 2016) and provide the basis for the possible selection for P efficiency in sweetpotato. In our experimental conditions, -P led to the reduction of boron leaf tissue concentration in 'Bayou Belle' and 'Beauregard' relative to the controls (Table 1) . The relationship between low P availability and reduced boron leaf tissue concentration has been documented previously in radish (Raphanus sativus) (Tanaka, 1967) . In addition, -P reduced sulfur content in 'Bayou Belle' relative to the control. The possible relationship between P deficiency and leaf tissue sulfur concentration has previously been documented in the model system Medicago truncatula (Tang et al., 2001) . Thus, in addition to the reduced P status of planting materials obtained from P-deficient source plants, these propagules are also potentially deficient in boron and sulfur as well. Further studies are needed to investigate the relationship among cultivar, source plant P status, and storage root development under field conditions. These experimental data provide a framework for developing approaches and methods for conducting -P studies in sweetpotato. Taken together, these findings are important in the nutrient management of sweetpotato seed systems that rely on extant plants for propagation materials.
In conclusion, our findings corroborate available experimental evidence in model systems and support the hypothesis that the root tip as the site of P sensing and that P is involved in root length determination. Advances in the understanding of the molecular mechanisms underlying phosphate sensing in model systems may help to shed light on the role of P sensing in storage root development in sweetpotato. Our data also support emerging evidence that P appears to be the most important limiting factor to sweetpotato storage root yield determination, i.e., unless P deficiency is addressed, the deficiency effects of other nutrients remain insignificant (Siose et al., 2017) . The observation, quantification, and interpretation of root architecture is difficult and technically challenging. The experimental procedures used previously to validate the timing of storage root formation and measure root architecture variability in 'Beauregard' were sufficient to characterize the effects of P deficiency on SRL and other storage root attributes. However, these conditions were deemed insufficient for measuring the possible effects of soil compaction on SRL.
The results of the current study can lead to follow-up work on the precise role of genotype in sweetpotato root architectural responses to P-sufficient and -deficient conditions. These experimental findings have practical applications in the management of P in sweetpotato seed and production systems. The results of the current study can lead to follow-up work that investigates cultivar-specific P requirements and how this information can be used to optimize P management as it relates to the production of storage roots of consistent length and shape. The methods and approaches used in the current study can be adopted and modified in follow-up investigations that seek to shed light on the precise mechanisms of SRL determination in sweetpotato. 
